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POLYCRYSTALLINE GROUP III METAL
NITRIDE WITH GETTER AND METHOD OF
MAKING

CROSS-REFERENCES TO RELAT
APPLICATIONS

D,

L1

This application claims priority to Provisional Patent
Application No. 61/122,332, filed Dec. 12, 2008, commonly
assigned, and incorporated by reference herein for all pur-
pose.

BACKGROUND OF THE INVENTION

The present imnvention generally relates to processing of
maternials for growth of crystals. More particularly, the
present invention provides a crystalline nitride material suit-
able for use as a raw material for crystal growth of a gallium-
containing nitride crystal by an ammonobasic or ammonoa-
cidic techmique, but there can be others. In other
embodiments, the present invention provides methods suit-
able for synthesis of polycrystalline nitride materials, but 1t
would be recognized that other crystals and materials can also
be processed. Such crystals and materials include, but are not
limited to, GaN, AIN, InN, InGaN, AlGaN, and AlInGaN, and
others for manufacture of bulk or patterned substrates. Such
bulk or patterned substrates can be used for a variety of
applications including optoelectronic devices, lasers, light
emitting diodes, solar cells, photoelectrochemical water split-
ting and hydrogen generation, photodetectors, integrated cir-
cuits, and transistors, among other devices.

Galllum nitride containing crystalline materials serve as
substrates for manufacture of conventional optoelectronic
devices, such as blue light emitting diodes and lasers. Such
optoelectronic devices have been commonly manufactured
on sapphire or silicon carbide substrates that differ in com-
position from the deposited nitride layers. In the conventional
Metal-Organic Chemical Vapor Deposition (MOCVD)
method, deposition of GaN 1s performed from ammoma and
organometallic compounds 1n the gas phase. Although suc-
cessiul, conventional growth rates achieved make it ditficult
to provide a bulk layer of GalN matenal. Additionally, dislo-
cation densities are also high and lead to poorer optoelec-
tronic device performance.

Growth of nitride crystals by ammonothermal synthesis
has been proposed. Ammonothermal crystal growth methods
are expected to be scalable, as described by Dwilinski et al. [J.
Crystal Growth 310, 3911 (2008)], by Ehrentraut, et al. [J.
Crystal Growth 305, 204 (2007)], by D’Evelyn, et al. [].
Crystal Growth 300, 11 (2007)], and by Wang, et al. [Crystal
Growth & Design 6, 1227 (2006)]. The ammonothermal
method generally requires a polycrystalline nitride raw mate-
rial, which 1s then recrystallized onto seed crystals. An ongo-
ing challenge of ammonothermally-grown GaNN crystals 1s a
significant level of impurities, which cause the crystals to be
colored, e.g., yellowish, greenish, grayish, or brownish. The
residual 1mpurities may cause optical absorption in light
emitting diodes fabricated on such substrates, negatively
impacting efficiency, and may also degrade the electrical
conductivity and/or generate stresses within the crystals. One
source ol the impurities 1s the polycrystalline nitride raw
material.

For example, gallium nitride crystals grown by hydride
vapor phase epitaxy, a relatively more expensive, vapor phase
method, have demonstrated very good optical transparency,
with an optical absorption coefficient below 2 cm™' at wave-
lengths between about 385 nanometers and about 620 nanom-
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cters [Oshima, et al., J. Appl. Phys. 98, 103509 (2005)].
However, the most transparent ammonothermally-grown gal-

lium mitride crystals of which we are aware were yellowish
and had an optical absorption coefficient below 5 cm™" over
the wavelength range between about 465 nanometers and
about 700 nanometers [D’Evelyn, et al., J. Crystal Growth
300, 11 (2007) and U.S. Pat. No. 7,078,731].

Several methods for synthesis of polycrystalline nitride
materials have been proposed. Callahan, et al. [MRS Internet
J. Nitride Semicond. Res. 4, 10 (1999); U.S. Pat. No. 6,406,
540] proposed a chemical vapor reaction process mmvolving,
heating gallilum metal in a vapor formed by heating NH_Cl.

Related methods have been discussed by Wang, et al. [J.
Crystal Growth 286, 350 (2006)] and by Park, et al. [U.S.

Patent applications 2007/0142204, 2007/0151509 and 2007/
0141819], all of which are hereby incorporated by reference
in their entirety. The predominant impurity observed was
oxygen, at levels varying from about 16 to about 160 parts per
million (ppm). The chemical form of the oxygen was not
specified. An alternative method, involving heating 1n ammo-
nia only and producing GaN powder with an oxygen content
below 0.07 wt %, was disclosed by Tsuj1 [U.S. Patent appli-
cation 2008/0193363], which 1s hereby incorporated by ret-
erence 1n 1ts entirety. Yet another alternative method, involv-
ing contacting Ga metal with a wetting agent such as B1 and
heating 1n ammonia only, producing GaN powder with an
oxygen content below 6350 ppm, has been disclosed by Spen-
cer, et al. [U.S. Pat. No. 7,381,391], which 1s hereby 1ncor-
porated by reference in 1ts entirety.

What 1s needed 1s a method for low-cost manufacturing of
polycrystalline nitride materials that are suitable for crystal
growth of bulk gallium nitride crystals and do not contribute
to impurities in the bulk crystals.

BRIEF SUMMARY OF THE INVENTION

According to the present invention, techmques related to
processing ol materials for growth of crystals are provided.
More particularly, the present invention provides a crystalline
nitride material suitable for use as a raw material for crystal
growth of a galllum-containing nitride crystal by an
ammonobasic or ammonoacidic technique, but there can be
others. In other embodiments, the present invention provides
methods suitable for synthesis of polycrystalline nitride
materials, but 1t would be recognized that other crystals and

materials can also be processed. Such crystals and materials
include, but are not limited to, GaN, AIN, InN, InGaN,

AlGaN, and AlInGaN, and others for manufacture of bulk or
patterned substrates. Such bulk or patterned substrates can be
used for a variety of applications including optoelectronic
devices, lasers, light emitting diodes, solar cells, photoelec-
trochemical water splitting and hydrogen generation, photo-
detectors, integrated circuits, and transistors, among other
devices.

In a specific embodiment, the present invention provides a
composition for a material. The composition includes a poly-
crystalline group I1I metal nitride material having a plurality
of grains. Preferably, the plurality of grains are characterized
by a columnar structure. In a specific embodiment, one or
more of the grains have an average grain size in a range of
from about 10 nanometers to about 1 millimeter. The compo-
sition has an atomic fraction of a group 11l metal 1n the group
II1 metal nitride 1n a range of from about 0.49 to about 0.55.
In one or more embodiments, the metal 1n the group 111 metal
nitride 1s selected from at least aluminum, indium, or gallium.
The composition also has an oxygen content in the group 111
metal nitride material provided as a group 111 metal oxide or
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as a substitutional impurity within a group III metal nitride 1s
less than about 10 parts per million (ppm).

In an alternative specific embodiment, the present mven-
tion provides a method for forming a crystalline material. The
method includes providing a group III metal 1n at least one
crucible. Preferably, the group 11l metal comprises at least one
metal selected from at least aluminum, gallium, and mndium.
The method 1ncludes providing a getter at a level of at least
100 ppm with respect to the group III metal. In a specific
embodiment, the getter 1s selected from at least alkaline earth
metals, scandium, titanium, vanadium, chromium, yttrium,
zirconium, niobium, rare earth metals, hatnium, tantalum,
and tungsten. The method also 1includes providing the group
III metal 1n the crucible and the getter into a chamber. The
method transfers a nitrogen-containing material into the
chamber and heats the chamber to a determined temperature.
The method includes pressurizing the chamber to a deter-
mined pressure and processing the nitrogen-containing mate-
rial with the group III metal 1n the chamber. In one or more
embodiments, the method forms a polycrystalline group 111
metal nitride 1n at least the crucible that contained the group
I1I metal.

In yet an alternative specific embodiment, the present
invention provides an alternative method of forming a group
III metal nitride containing substrate. The method includes
providing a group III metal as a source material, which com-
prises at least one metal selected from at least aluminum,
gallium, and indium. The method includes providing a getter
at alevel of at least 100 ppm with respect to the group 111 metal
source material and providing the group III metal source
material and the getter into a chamber. The method also
includes transferring a nitrogen-containing material into the
chamber and heating the chamber to a determined tempera-
ture. In a preferred embodiment, the method includes pres-
surizing the chamber to a determined pressure and processing
the nitrogen-containing material with the group III metal
source material 1n the chamber. In one or more embodiments,
the method forms a crystalline group III metal nitride char-
acterized by a wurtzite structure substantially free from any
cubic entities and an optical absorption coetficient of about 2
cm™" and less at wavelengths between about 385 nanometers
and about 750 nanometers.

Still turther, the present invention provides a gallium
nitride containing crystal. The crystal has a crystalline sub-
strate member having a length greater than about 5 millime-
ters and a substantially wurtzite structure characterized to be
substantially free of other crystal structures. In a preferred
embodiment, the other structures are less than about 1% 1n
volume 1n reference to a volume of the substantially wurtzite
structure. The crystal also has an impurity concentration
greater than 10" cm™" of at least one of Li, Na, K, Rb, Cs, Mg,
Ca, F, and Cl and an optical absorption coelficient of about 2
cm~ " and less at wavelengths between about 385 nanometers
and about 750 nanometers.

Benefits are achieved over pre-existing techniques using
the present invention. In particular, the present invention
enables a cost-eflective manufacture of crystals that serve as
a starting material for high quality gallium nitride containing
crystal growth. In a specific embodiment, the present method
and apparatus can operate with components that are relatively
simple and cost effective to manufacture, such as ceramic and
steel tubes. A specific embodiment also takes advantage of a
getter material suitable for processing one or more chemicals
for manufacture of high quality gallium nitride starting mate-
rial. Depending upon the embodiment, the present apparatus
and method can be manufactured using conventional materi-
als and/or methods according to one of ordinary skill in the
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art. In preferred embodiments, the final crystal structure is
substantially clear and free of haze and other features that
may be undesirable. Depending upon the embodiment, one or
more of these benefits may be achieved. These and other
benefits may be described throughout the present specifica-
tion and more particularly below.

The present invention achieves these benefits and others 1n
the context of known process technology. However, a further
understanding of the nature and advantages of the present
invention may be realized by reference to the latter portions of
the specification and attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1, 2, and 3 are schematic diagrams 1llustrating reac-
tors according to embodiments of the present invention;
FIG. 4 1s a simplified tlow diagram of a synthesis method

according to an embodiment of the present invention; and
FIG. 5 1s a simplified tlow diagram of utilization method
according to an embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

According to the present invention, techmques related to
processing ol materials for growth of crystals are provided.
More particularly, the present invention provides a crystalline
nitride material suitable for use as a raw material for crystal
growth of a galllum-containing nitride crystal by an
ammonobasic or ammonoacidic technique, but there can be
others. In other embodiments, the present invention provides
methods suitable for synthesis of polycrystalline nitride
materials, but 1t would be recognized that other crystals and
materials can also be processed. Such crystals and materials
include, but are not limited to, GaN, AIN, InN, InGaN,
AlGaN, and AlInGaN, and others for manufacture of bulk or
patterned substrates. Such bulk or patterned substrates can be
used for a variety of applications including optoelectronic
devices, lasers, light emitting diodes, solar cells, photoelec-
trochemical water splitting and hydrogen generation, photo-
detectors, integrated circuits, and transistors, among other
devices.

The invention includes embodiments that may relate to a
crystalline composition. The invention includes embodi-
ments that may relate to an apparatus for making a crystalline
composition. The mvention includes embodiments that may
relate to a method of making and/or using the crystalline
composition.

Approximating language, as used herein throughout the
specification and claims, may be applied to modily any quan-
titative representation that could permaissibly vary without
resulting 1n a change 1n the basic function to which it may be
related. Accordingly, a value modified by a term such as
“about” may be not to be limited to the precise value speci-
fied. In at least one instance, the varniance indicated by the
term about may be determined with reference to the precision
of the measuring mstrumentation. Similarly, “free” may be
combined with a term; and, may include an insubstantial
number, or a trace amount, while still being considered free of
the modified term unless explicitly stated otherwise.

According to one embodiment of the invention, a compo-
sition of a polycrystalline metal nitride 1s provided. The poly-
crystalline metal nitride may have a plurality of grains, and
these grains may have a columnar structure. In some embodi-
ments, many grains may be bonded to one another, forming a
polycrystalline plate. In other embodiments, a smaller num-
ber of grains may be bonded to one another, forming a poly-
crystalline powder.
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With reference to the grains, the grains may be character-
1zed by one or more properties. The properties may include a
grain dimension. Other properties may include an average
number of grains per unit volume, an inter-grain bend
strength or a t1lt angle of the grains relative to each other.

The grain dimension may refer to either an average grain
s1ze or an average grain diameter. The grains may have a
columnar structure; 1n this case they have a major axis, and
the average grain size refers to an average length of the grains
along the major axis. Perpendicular to the major axis may be
one or more minor axes, and the average diameter of each
grain may be determined with reference to the minor axes.
Collectively, the average diameters of each of the grains may
be aggregated and averaged to provide the average grain
diameter. An average, as used herein, may refer to the mean
value.

The average grain size of the polycrystalline metal nitride
may be in a range of greater than about 10 nanometers. In one
embodiment, the average grain size may be in a range of from
about 0.01 micrometer to about 1 millimeter, while 1n certain
other embodiments, the grain size may be in a range of from
about 0.01 micrometer to about 30 micrometers, from about
30 micrometers to about 50 micrometers, from about 50
micrometers to about 100 micrometers, from about 100
micrometers to about 500 micrometers, from about 500
micrometers to about 1 millimeter, or greater than about 1
millimeter. The average grain diameter may be larger than
about 10 micrometers. In one embodiment, the average grain
diameter may be 1n a range of from about 10 micrometers to
about 20 micrometer, from about 20 micrometers to about 30
micrometers, from about 30 micrometers to about 50
micrometers, from about 50 micrometers to about 100
micrometers, from about 100 micrometers to about 500
micrometers, from about 500 micrometers to about 1 milli-
meter, or greater than about 1 millimeter.

An average number of grains per unit volume of the crys-
talline composition may indicate a grain average or granular-
ity. The composition may have an average number of grains
per unit volume of greater than about 100 per cubic centime-
ter. In one embodiment, the average number of grains per unit
volume may be 1n a range of from about 100 per cubic cen-
timeter to about 1000 per cubic centimeter, from about 1000
per cubic centimeter to about 10,000 per cubic centimeter,
from about 10,000 per cubic centimeter to about 10° per cubic
centimeter, or greater than about 10° per cubic centimeter.

The grains may be oriented at a determined angle relative
to each other. The orientation may be referred to as the tilt
angle, which may be greater than about 1 degree. In one
embodiment, the grain orientation or tilt angle may be 1n a
range of from about 1 degree to about 3 degrees, from about
3 degrees to about 5 degrees, from about 5 degrees to about 10
degrees, from about 10 degrees to about 15 degrees, from
about 15 degrees to about 30 degrees, or greater than about 30
degrees.

Properties that are inherent 1in or particular to one or more
crystalline articles produced according to an embodiment of
the mvention may include bend strength, density, moisture
resistance, and porosity, among others. The properties may be
measured using the corresponding ASTM standard test.
Example of the ASTM standard test may include ASTM
C1499.

The inter-grain bend strength of a film comprising one or
more of crystals may be greater than about 20 MegaPascal
(MPa). In one embodiment, the inter-grain bend strength may
be 1n a range of from about 20 MegaPascal to about 50
MegaPascal, from about 50 MegaPascal to about 60 Mega-
Pascal, from about 60 MegaPascal to about 70 MegaPascal,
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from about 70 MegaPascal to about 75 MegaPascal, from
about 75 MegaPascal to about 80 MegaPascal, from about 80
MegaPascal to about 90 MegaPascal, or greater than about 90
MegaPascal. The bend strength may indicate the grain to
grain relationship at the inter-grain interface and/or the inter-
grain strength.

The apparent density of crystalline articles may be greater
than about 1 gram per cubic centimeter (g/cc). In one embodi-
ment, the density may be 1n a range of from about 1 gram per
cubic centimeter to about 1.5 grams per cubic centimeter,
from about 1.5 grams per cubic centimeter to about 2 grams
per cubic centimeter, from about 2 grams per cubic centimeter
to about 2.5 grams per cubic centimeter, from about 2.5 grams
per cubic centimeter to about 3 grams per cubic centimeter, or
greater than about 3 grams per cubic centimeter. The crystal-
line composition density may be a function of, for example,
the porosity or lack thereof, the crystal packing arrangement,
and the like.

The crystalline article may be aluminum nitride and may
have an apparent density of less than about 3.26 gram per
cubic centimeter at standard test conditions. In one embodi-
ment, the aluminum nitride crystalline article may have an
apparent density 1n a range of from about 3.26 gram per cubic
centimeter to about 2.93 gram per cubic centimeter, from
about 2.93 gram per cubic centimeter to about 2.88 gram per
cubic centimeter, from about 2.88 gram per cubic centimeter
to about 2.5 gram per cubic centimeter, from about 2.5 gram
per cubic centimeter to about 1.96 gram per cubic centimeter,
or less than about 1.96 gram per cubic centimeter.

The crystalline article may be gallium nitride and may have
an apparent density of less than about 6.1 gram per cubic
centimeter at standard test conditions. In one embodiment,
the gallium nitride crystalline article may have an apparent
density in arange of from about 6.1 gram per cubic centimeter
to about 5.49 gram per cubic centimeter, from about 5.49
gram per cubic centimeter to about 4.88 gram per cubic
centimeter, from about 4.88 gram per cubic centimeter to
about 4.2°7 gram per cubic centimeter, from about 4.27 gram
per cubic centimeter to about 4 gram per cubic centimeter, or
less than about 4 gram per cubic centimeter.

The porosity of the polycrystalline composition may be 1n
a range of less than about 30 percent by volume. In one
embodiment, the porosity may be in a range of from about 30
percent to about 10 percent, from about 10 percent to about 5
percent, from about 5 percent to about 1 percent, from about
1 percent to about 0.1 percent, or less than about 0.1 percent
by volume.

The metal of the metal nitride may include a group III
metal. Suitable metals may include one or more of aluminum,
gallium, or indium. The “one or more” refers to combination
of metals 1n the metal nitride, and may include compositions
such as aluminum gallium nitride (AlGaN), indium gallium
nitride (InGalN), aluminum indium nitride (AllnN), alumi-
num indium gallium nitride (AlInGalN), and the like.

A Traction of the metal, or metals, 1n the metal nitride may
be selected such that there 1s no excess metal 1n the metal
nitride. In one embodiment, the atomic fraction of the metal
may be greater than about 49 percent. In another embodi-
ment, the atomic fraction may be 1n a range of from about 49
percent to about 50 percent, from about S0 percent to about 51
percent, from about 51 percent to about 53 percent, from
about 53 percent to about 55 percent, or greater than about 55
percent.

In some embodiments, the group III metal nitride com-
prises a powder. The particle size of the powder may be
between about 0.1 micron and about 100 microns. Some
powder particles may comprise single crystals. Some powder
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particles may comprise at least two grains. In other embodi-
ments, the group III metal nitride comprises a grit. The par-
ticle size of the grit may be between about 100 microns and
about 10 millimeters. Some grit particles may comprise
single crystals. Some grit particles may comprise at least two
grains.

The metal nitride composition may contain one or more
impurities. As used herein, and as 1s commonly used 1n the art,
the term “1mpurity” refers to achemical species that 1s distinct
from the group III metal nitride that constitutes the majority
composition of the polycrystalline metal mitride. Several
classes of impurities may be distinguished, with respect to
chemistry, atomic structure, intent, and effect. Impurities will
generally comprise elements distinct from nitrogen, alumi-
num, gallium, and indium, including oxygen, carbon, halo-
gens, hydrogen, alkali metals, alkaline earth metals, transi-
tion metals, and main block elements. The impurity may be
present 1n a number of forms, with different atomic structure.
In some cases, the impurity 1s present as an 1solated atom or
ion within the crystalline lattice of the group 111 metal nitride,
for example, as a substitutional or interstitial impurity. In
other cases, the impurity 1s present in a distinct phase, for
example, as an inclusion within an individual group I1I metal
nitride grain or within a grain boundary of the group 111 metal
nitride. The impurity may be deliberately added, to enhance
the properties of the group III metal nitride 1n some way, or
may be unintentional. Finally, the impurity may or may not
have a significant effect on the electrical, crystallographic,
chemical, or mechanical properties of the group III metal
nitride.

Asused herein, and as 1s commonly used 1n the art, the term
“dopant” refers to an impurity that 1s atomically dispersed
within the group 111 metal nitride, for example, as a substitu-
tional or interstitial impurity, and 1s typically added intention-
ally. With regard to dopants and dopant precursors (collec-
tively “dopants™ unless otherwise indicated), the electrical
properties of the group I1I metal nitride composition may be
controlled by adding one or more of such dopants to the above
composition during processing. The dopant may also provide
magnetic and/or luminescent properties to the group 111 metal
nitride composition. Suitable dopants may include one or
more of s or p block elements, transition metal elements, and
rare earth elements. Suitable s and p block elements may
include, for example, one or more of silicon, germanium,
magnesium, or tin. Other suitable dopants may include one or
more of transition group elements. Suitable transition group
clements may include one or more of, for example, zinc, 1ron,
or cobalt. Suitable dopants may produce an n-type material, a
p-type material, or a semi-insulating material. In some
embodiments, oxygen, whether added intentionally or unin-
tentionally, also acts as a dopant.

Suitable dopant concentration levels in the polycrystalline
composition may be greater than about 10'° atoms per cubic
centimeter. In one embodiment, the dopant concentration
may be in a range of from about 10'° atoms per cubic centi-
meter to about 10> atoms per cubic centimeter, from about
10" atoms per cubic centimeter to about 10" ° atoms per cubic
centimeter, from about 10'° atoms per cubic centimeter to
about 10" atoms per cubic centimeter, from about 10" atoms
per cubic centimeter to about 10™® atoms per cubic centime-
ter, from about 10"® atoms per cubic centimeter to about 10"
atoms per cubic centimeter, or greater than about 10°' atoms
per cubic centimeter.

As used herein, the term “getter” refers to an impurity that
1s intentionally added and has a higher chemical aflinity for an
undesired impurity, for example, oxygen, than the principal
metallic constituent of the composition, for example, gallium.
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The getter may become incorporated into the polycrystalline
group III metal nitride 1n the form of an inclusion, for
example, as a metal nitride, a metal halide, a metal oxide, a
metal oxyhalide, or as a metal oxynitride. Examples of suit-
able getters include the alkaline earth metals, scandium, tita-
nium, vanadium, chromium, yttrium, zirconium, niobium,
the rare earth metals, hatnium, tantalum, and tungsten, and
their mitrides and halides. In some embodiments, the getter
impurity can act as both a getter and a dopant, such as mag-
nesium. In other cases, the getter impurity atom has a larger
atomic or covalent diameter than galllum and does not
become incorporated as a dopant at sullicient levels to modily
the electrical properties of the group 111 metal nitride signifi-
cantly, and therefore functions predominantly or exclusively
as a getter. The getter may be present 1n the polycrystalline
group III metal nitride at a level greater than 100 ppm, from
about 100 ppm to about 200 ppm, from about 200 ppm to
about 500 ppm, from about 300 ppm to about 0.1%, from
about 0.1% to about 0.2%, from about 0.2% to about 0.5%,
from about 0.5% to about 2%, from about 2% to about 10%,
or greater than 10%. Parts per million (ppm) and “%” refer to
“by weight” unless otherwise indicated.

In other cases, impurities are unintended and/or undesir-
able 1nclusions 1n the polycrystalline group III metal nitride,
and may result from, for example, processing and handling.
Other unintentional impurities may result from contaminants
in raw materials. Some unintentional impurities may be more
closely associated with select raw materials. In some embodi-
ments, the unintentional impurity includes oxygen present as
a substitutional impurity, or dopant, 1n the polycrystalline
group I11 metal nitride at higher than the desired level. In other
embodiments, the unintentional impurity includes oxygen
present as a group III oxide inclusion, for example, Ga,O,,
Al,O,, and/or In,O,. The umintentional oxygen impurity may
originate from residual oxygen in the metal raw matenal,
from moisture or O, present as an impurity in the gaseous raw
materials used 1n the synthesis process, from moisture gen-
erated from outgassing of the reactor components during the
synthesis process, or from an air leak in the reactor. In one
embodiment, the oxygen content present as Ga,O, or as a
substitutional 1impurity within gallium nitride may be less
than about 10 parts per million (ppm). In another embodi-
ment, the oxygen content present as Ga,; or as a substitu-
tional impurity within gallium nitride may be 1n a range of
from about 10 parts per million to about 3 parts per million,
from about 3 parts per million to about 1 part per million, from
about 1 part per million to about 0.3 parts per million, from
about 0.3 part per million to about 0.1 parts per million, or less
than about 0.1 part per million.

Referring now to the apparatus that includes an embodi-
ment ol the invention, the apparatus may include sub systems,
such as a housing, one or more supply sources, and a control
system.

The housing may include one or more walls, components,
and the like. The walls of the housing may be made of a metal,
a refractory material, or a metal oxide. In one embodiment,
the walls of the housing comprise at least one of tused silica,
alumina, carbon, or boron nitride. In one embodiment, the
housing may have an mner wall, and an outer wall spaced
from the mnner wall. An inner surface of the inner wall may
define a chamber.

The walls of the housing may be configured (e.g., shaped or
s1zed) with reference to processing conditions and the desired
end use. The configuration may depend on the size and num-
ber of components, and the relative positioning of those com-
ponents, 1n the chamber. The chamber may have a pre-deter-
mined volume. In one embodiment, the housing may be
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cylindrical with an outer diameter 1n a range of from about 5
centimeters to about 1 meter, and a length of from about 20
centimeters to about 10 meters. The housing may be elon-
gated horizontally, or vertically. The orientation of the elon-
gation may aflect one or more processing parameters. For
example and as discussed 1n further detail below, for a hori-
zontal arrangement, a series of crucibles may be arranged 1n
a series such that a stream of reactants flow over the crucibles
one after another. In such an arrangement, the concentration
and composition of the reactant stream may differ at the first
crucible in the series relative to the last crucible 1n the series.
Of course, such an 1ssue may be addressed with such configu-
ration changes as rearrangement of the crucibles, redirection
ol the reactant stream, multiple reactant stream inlets, and the
like.

A liner may be disposed on the inner surface of the inner
wall along the periphery of the chamber. Suitable liner mate-
rial may include graphite or metal. The liner and other inner
surfaces may not be a source of undesirable contaminants.
The liner may prevent or reduce material deposition on the
inner surface of the mner wall. The liner may prevent or
reduce etching of the walls of the housing by halides of getter
metals. Failing the prevention of material deposition, the liner
may be removable so as to allow the deposited material to be
stripped from the mner wall during a cleaning process or
replacement of the liner.

Because the inner wall may be concentric to and spaced
from the outer wall, the space may define a pathway between
the inner wall and the outer wall for environmental control
fluid to flow therethrough. Suitable environmental control
fluids that may be used for circulation may include inert
gases. Environmental control fluid may include gas, liquid or
supercritical fluid. An environmental control inlet may extend
through the outer wall to the space. A valve may block the
environmental control fluid from flowing through the inlet
and 1nto the pathway to circulate between the inner and outer
walls. In one embodiment, the inlet may be part of a circula-
tion system, which may heat and/or cool the environmental
control fluid and may provide a motive force for the fluid. The
circulation system may communicate with, and respond to,
the control system. Flanges, such as those meant for use in
vacuum systems, may provide a leak proof connection for the
inlet.

Suitable components of the housing may include, for
example, one or more 1nlets (such as raw materal ilets and
dopant inlets), outlets, filters, heating elements, cold walls,
pressure responsive structures, crucibles, and sensors. Some
of the components may couple to one or more of the walls,
and some may extend through the walls to communicate with
the chamber, even while the housing is otherwise sealed. The
inlets and the outlet may further include valves.

The inlets and the outlet may be made from materials
suitable for semiconductor manufacturing, such as electro-
polished stainless steel materials. The inlets and/or outlets
may be welded to the respective wall, or may be secured to the
wall by one or more metal-to-metal seals. Optionally, the
inlets and/or outlets may include purifiers. In one embodi-
ment, the purifier includes a getter matenal, for example a
zircontum alloy which may react with the contaminants to
form the respective nitrides, oxides and carbides, thus reduc-
ing the probability of contamination in the final product. In
one embodiment, the purifiers may be placed 1n the mlets at
the entrance to the chamber. For reactions utilizing large
quantities of ammonia the main concern for contamination
may be the presence of water due to hygroscopic nature of
ammonia. The contamination of ammonia drawn from an
ammonia tank may increase exponentially as the ammonia
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tank empties and when 70 percent of ammomia 1s reached, the
tank may be replaced. Alternatively, a point-of-use purifier
may be utilized at the inlets. The use of a point-of-use purifier
may help 1n controlling the contamination in ammonia
thereby reducing ammonia wastage. Optionally, lower grade
ammonia may be utilized along with the point-of-use purifier
to obtain the required grade of about 99.9999 percent.

The shape or structure of the inlets and outlet may be
modified to aifect and control the tlow of fluid therethrough.
For example, an inner surface of the imlet/outlet may be rifled.
The ritling may spin the gas flowing out through the ends and
enhance mixing. In one embodiment, the inlets may be
coupled together such that the reactants may pre-mix before
they reach reaction zone or hot zone. Each of the inlets and
outlets may have an inner surface that defines an aperture
through which material can flow 1nto, or out of, the chamber.
Valve apertures may be adjustable from fully open to fully
closed thereby allowing control of the flmid flow through the
inlets and the outlets.

The inlets may be configured to promote mixing of the
nitrogen-contaiming gas and the halide-contaiming gas
upstream of the crucible(s), so as to promote uniform process
conditions throughout the volume of the chamber. One or
more of the inlets may contain one or more of battles, aper-
tures, fits, and the like, in order to promote mixing. The
apertures, Irits, and baitles may be placed within the chamber
proximate to the hot zone or crucibles so as to control the flow
of gas in the chamber, which may prevent or minimize the
formation of solid ammonium halide. The apertures, irits, and
battles may be placed upstream of the nearest crucible, with a
distance of separation that 1s 1n a range from about 2 cm to
about 100 cm, 1n order for mixing to be complete prior to the
onset of reaction with the contents of the crucible. The pres-
ence ol apertures and ballles may promote higher gas veloci-
ties that promote mixing and inhibit back-flow of gases, pre-
venting or minimizing the formation of solid ammonium
halide.

One or more crucibles may be placed within the chamber.
In one embodiment, the number of crucibles within the cham-
ber 1s about 6. Depending on the configuration of the cham-
ber, the crucibles may be arranged horizontally and/or verti-
cally within the chamber. The crucible shape and size may be
pre-determined based on the end usage of the metal nitride,
the raw material types, and the processing conditions. For the
polycrystalline composition to be useful as a sputter target,
the size of the crucible may be relatively larger than the
required size of the sputter target. The excess of the polycrys-
talline composition may be removed, for example, through
etching or cutting to form the sputter target article. Such
removal may eliminate surface contamination resulting from
contact with the crucible matenal.

The crucible may withstand temperatures in excess of the
temperature required for crystalline composition formation
while maintaining structural integrity, and chemical inert-
ness. Such temperatures may be, greater than about 200
degree Celsius, 1n a range of from about 200 degree Celsius to
about 1200 degree Celsius, or greater than about 1200
degrees Celsius. Accordingly, refractory materials may be
suitable for use 1n the crucible. In one embodiment, the cru-
cible may include a refractory composition including an
oxide, a nitride, or an oxynitride. The crucible may be formed
from one or more ol graphite, molybdenum, tungsten, or
rhenmium or from one or more of an oxide, a nitride, or an
oxynitride of silicon, aluminum, magnesium, boron, or zir-
conium. In a preferred embodiment, the crucible 1s formed
from a nonoxide material, such as boron nitride, silicon car-
bide, tantalum carbide, or a carbon material such as graphite.
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In one embodiment, a removable graphite liner may be placed
inside the crucible so as to facilitate easy removal of the
polycrystalline composition. In some embodiments, a getter
1s added to the crucible in the form of a foil or liner. In one
specific embodiment, the getter fo1l or liner 1s chosen from at
least one of zircommum, hafnium, and tantalum. In another
embodiment, the crucible composition comprises at least one
getter.

A quantity of group III metal, comprising at least one of
aluminum, gallium, and indium, may be placed in at least one
crucible. The group III metal may be added 1n solid or liquud
form. A getter, comprising at least one of the alkaline earth
metals, scandium, titanium, vanadium, chromium, yttrium,
zirconium, niobium, the rare earth metals, hatnium, tantalum,
and tungsten, may be placed 1n the at least one crucible along
with the group III metal. The getter may be added at a level
greater than 100 ppm, greater than 300 ppm, greater than
0.1%, greater than 0.3%, greater than 1%, greater than 3%, or
greater than 10% by weight with respect to the group III
metal. The getter may be added in the form of a powder, grt,
wire, or foil. The getter may be added 1n the form of a metal,
a nitride, a halide, or a mixture or compound thereof. The
getter may contain oxygen.

In one embodiment, at least one wetting agent 1s also added
to the crucible, contacting the group 111 metal. As used herein,
“wetting agent” refers to an element or a compound that
facilitates the mixing of or a reaction between an otherwise
immiscible liquid mixture at the interface of the two compo-
nents. The wetting agent can be any metal that facilitates
interfacial wetting of a binary liquid metal mixture and does
not readily react to form covalent bonds with Group 111 ele-
ments. Any suitable and eflective wetting agent compound
can be employed. Suitable wetting agents include bismuth
(B1), lead (Pb), germanium (Ge), and tin (Sn). Other suitable
wetting agents include antimony (Sb), tellurnum (Te), and
polonium (Po). The reaction mixture can also mnclude a mix-
ture of two or more wetting agents, 1n any proportion. The
reaction mixture can include a wetting agent compound, such
as organometallic compounds containing the wetting agent
metal or inorganic compounds containing the wetting agent
metal. Suitable wetting agent compounds include, e.g.,
halides, oxides, hydroxides, and nitrates. Many suitable and
elifective wetting agents and wetting agent compounds are
disclosed, e.g., in Aldrich Handbook of Fine Chemicals,
2003-2004 (Milwaukee, Wis.). As used herein, bismuth, ger-
manium, tin, and lead refer to elemental metals, alloys con-
taining these metals, compounds containing these metals, and
mixtures thereol. The Group III metal and the wetting agent
can be present in a molar ratio of about 1:1 to about 500:1.
Specifically, the Group 111 element and the wetting agent can
be present in amolar ratios ofabout 2:1, about 5:1, about 20:1,
about 100:1, or about 200:1.

Suitable sensors may 1iclude one or more of pressure sen-
sors, temperature sensors, and gas composition sensors. The
sensors may be placed within the chamber, and may commu-
nicate the process parameters 1n the chamber to the control
system.

Suitable supply sources may include one or more of an
energy source, a nifrogen-containing gas source, a carrier gas
source, a halide-containing gas source, a raw material source
(sometimes referred to as a reservoir), environmental control
fluid source, and the like.

The energy source may be located proximate to the housing
and may supply energy, such as thermal energy, plasma
energy, or ionizing energy to the chamber through the walls.
The energy source may be present in addition to, or 1 place
of, the heating elements disclosed above. In one embodiment,
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the energy source may extend along an outward facing sur-
face of the outer wall of the housing. The energy source may
provide energy to the chamber.

The energy source may be a microwave energy source, a
thermal energy source, a plasma source, or a laser source. In
one embodiment, the thermal energy may be provided by a
heater. Suitable heaters may include one or more molybde-
num heaters, split furnace heaters, three-zone split furnaces,
or induction heaters.

Sensors may be placed within the chamber. The sensors
may be capable of withstanding high temperature and
clevated or reduced pressure 1n the chamber and be chemi-
cally 1nert. The sensors may be placed proximate to the cru-
cible, and/or may be placed at the inlets. The sensors may
monitor process conditions such as the temperature, pressure,
gas composition and concentration within the chamber.

The nitrogen-containing gas source may communicate
through a first inlet with the chamber. The nitrogen-contain-
ing gas source may include one or more filters, purifiers, or
driers to purily and/or dry the nitrogen-containing gas. In one
embodiment, the nitrogen-containing gas may be produced at
the source. The purifier may be able to maintain purity levels
of the nitrogen-containing gas up to or above semiconductor
grade standards for purity. Suitable nitrogen-containing gases
may iclude ammoma, diatomic nitrogen, and the like. Where
the presence of carbon 1s not problematic, nitrogen-contain-
Ing organics may be used.

Controlling the aperture of the associated valve allows
control of the flow rate of the nitrogen-containing gas into the
chamber. Unless otherwise specified, flow rate will refer to
volumetric flow rate. Processing considerations, sample size,
and the like may determine an appropriate flow rate of the gas.
The flow rate of nitrogen-containing gas may be greater than
about 10 (standard) cubic centimeters per minute. In one
embodiment, the flow rate of nitrogen-containing gas may be
in a range of from about 10 cubic centimeters per minute to
about 100 cubic centimeters per minute, from about 100 cubic
centimeters per minute to about 200 cubic centimeters per
minute, from about 200 cubic centimeters per minute to about
500 cubic centimeters per minute, from about 500 cubic
centimeters per minute to about 1200 cubic centimeters per
minute, from about 1200 cubic centimeters per minute to
about 2000 cubic centimeters per minute, from about 2000
cubic centimeters per minute to about 3000 cubic centimeters
per minute, from about 3000 cubic centimeters per minute to
about 4000 cubic centimeters per minute, from about 4000
cubic centimeters per minute to about 3000 cubic centimeters
per minute, or greater than about 53000 cubic centimeters per
minute. In some embodiments, the tlow of the nitrogen-con-
taining gas in umts ol volume per second 1s chosen to be
greater than 1.5 times the volume of the group 11l metal. In
some embodiments, the flow of the mitrogen-containing gas 1s
supplied at a gas flow velocity of at least 0.1 centimeters per
second on the surface of the group III metal, at a reaction
temperature of at least 700 degrees Celsius and no greater
than 1,200 degrees Celsius.

The carrier gas source may communicate with the chamber
through an inlet, or may share the first inlet with the nitrogen-
containing gas. Pre-mixing the nitrogen-containing gas with
the carrier gas may dilute the nitrogen-contaiming gas to a
determined level. Because the nitrogen-containing gas may
be diluted with the carrier gas, which may be 1nert, the like-
lithood of formation of certain halide solids proximate to the
first inlet 1n the chamber may be reduced. Suitable carrier
gases may include one or more of argon, helium, or other inert
gases. In one embodiment, the carrier gas inlet 1s positioned
so that a stream of carrier gas may impinge on a stream of
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nitrogen-containing gas exiting the first inlet. Dopants may be
entrained 1n the carrier gas, 1n one embodiment, for inclusion
in the polycrystalline composition.

A halide-containing gas source may communicate through
a second inlet with the chamber. As with the mitrogen-con- 5
taining gas source, the halide-containing gas source may
include one or more filters, purifiers, driers, and the like, so
that the halide-containing gas be purified and/or dried at the
source. The halide-containing gas may be produced at the
source. Suitable halide-containing gases may include hydro- 10
gen chloride and the like. In some embodiments, the halide-
containing gas 1s omitted from the process.

Controlling the aperture of the associated valve allows
control of the flow rate of the halide-containing gas into the
chamber. Processing considerations, sample size, and the 15
like, may determine an approprate tlow rate of the gas. The
flow rate of halide-containing gas may be greater than about
10 (standard) cubic centimeters per minute. In one embodi-
ment, the tlow rate of halide-containing gas may be 1n a range
of from about 10 cubic centimeters per minute to about 50 20
cubic centimeters per minute, from about 50 cubic centime-
ters per minute to about 100 cubic centimeters per minute,
from about 100 cubic centimeters per minute to about 250
cubic centimeters per minute, from about 250 cubic centime-
ters per minute to about 500 cubic centimeters per minute, 25
from about 500 cubic centimeters per minute to about 600
cubic centimeters per minute, from about 600 cubic centime-
ters per minute to about 750 cubic centimeters per minute,
from about 7350 cubic centimeters per minute to about 1000
cubic centimeters per minute, from about 1000 cubic centi- 30
meters per minute to about 1200 cubic centimeters per
minute, or greater than about 1200 cubic centimeters per
minute.

The halide-containing gas may flow into the chamber from
the halide-containing gas source through the second inlet. As 35
with the nitrogen-containing gas, the halide-containing gas
may be pre-mixed with the carrier gas to dilute the halide-
containing gas to a determined level. The dilution of the
halide-containing gas with an inert, carrier gas may reduce
the likelihood of formation of certain halide solids 1n the 40
second 1nlet, proximate to the chamber. Such a formation
might reduce or block the flow therethrough. Optionally, the
carrier gas inlet may be positioned such that a stream of
carrier gas may impinge on a stream of halide-containing gas
exiting the second inlet or entering the chamber. In one 45
embodiment, dopants may be entrained in the carrier gas for
inclusion in the polycrystalline composition.

The halide-containing gas and the nitrogen-containing gas
may be mtroduced into the chamber 1n a manner that deter-
mine properties of the polycrystalline composition. The man- 50
ner may include simultaneous introduction at a full flow rate
of each component fluid (gas, liquid, or supercritical tluid).
Other suitable introduction manners may include pulsing one
or more of the components, varying the concentration and/or
flow rate of one or more components, or staggered introduc- 55
tions, for example, to purge the chamber with carrier gas.

The halide-contaiming gas and the nitrogen-containing gas
inlets may be disposed such that the exit end 1s located 1n the
hot zone 1n the chamber. In one embodiment, one or more
inlet 1s located 1n a region of the chamber that, during use, has 60
a temperature ol greater than about 341 degree Celsius at 1
atmosphere, or a temperature 1n a range of from about 341
degree Celsius to about 370 degree Celsius, or greater than
about 370 degrees Celsius.

The ratio of tflow rate of the nitrogen-containing gas to the 65
flow rate of the halide-containing gas may be adjusted to
optimize the reaction. In one embodiment, the ratio of flow
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rate of the nitrogen-containing gas to the flow rate of halide-
containing gas may be 1n a range of from about 30:1 to about
15:1, from about 15:1 to about 1:1, from about 1:1 to about
1:10, or from about 1:10 to about 1:15.

The raw matenal source may communicate through the
raw material inlet and into the crucible, which 1s in the cham-
ber. As with the other sources, the raw material source may
include one or more filters, driers, and/or purifiers. Particu-
larly with reference to the raw material source, purity of the
supplied material may have a disproportionately large impact
or effect on the properties of the final polycrystalline compo-
sition. The raw material may be produced just prior to use and
may be kept 1n an iert environment to minimize or eliminate
contamination associated with atmospheric contact. If, for
example, hygroscopic materials are used, or materials that
readily form oxides, then the raw material may be processed
and/or stored such that the raw material does not contact
moisture or oxygen. Further, because the raw material can be
melted and flowed 1nto the chamber during processing, 1n one
embodiment, differing materials may be used 1n a continuous
process than might be available for use relative to a batch
process. At least some of such differences are disclosed
herein below.

Suitable raw materials may include one or more of gallium,
indium, or aluminum. In one embodiment, the raw material
may have a purity of 99.9999 percent or greater. In another
embodiment, the purity may be greater than about 99.99999
percent. The raw material may be a gas; a liquid solution,
suspension or slurry; or a molten liquid. The residual oxygen
in the metal may further be reduced by heating under a reduc-
ing atmosphere, such as one containing hydrogen, or under
vacuum.

While all of the materials needed for production may be
sealed 1n the chamber during operation in one embodiment; 1n
another embodiment, various materials may be added during
the process. For example, the raw material may tlow through
the raw material inlet, out of an exit end, and i1nto a crucible
within the chamber. Where there 1s a plurality of crucibles,
multiple raw material inlets, or one 1nlet having multiple exat
ends, may be used to flow raw material into individual cru-
cibles. In one embodiment, the raw material inlet may be
mounted on a linear motion feed-through structure. Such
teed-through structures may allow the translation of the exit
end of the raw matenial inlet from crucible to crucible.

The flow and the flow rate of raw matenal to, and through,
the raw material inlet may be controlled by a valve. The valve
may be responsive to control signals from the control system.
While the flow rate of the raw material may be determined
based on application specific parameters, suitable flow rates
may be larger than about 0.1 kilogram per hour. In one
embodiment, the flow rate may be1n arange of from about 0.1
kilogram per hour to about 1 kilogram per hour, from about 1
kilogram per hour to about 5 kilograms per hour, or greater
than about 5 kilograms per hour.

The dopant inlet may be 1n communication with a reservoir
containing dopants and the chamber. The reservoir may be
made of matenal compliant to semiconductor grade stan-
dards. The reservoir may have provision to purily/dry the
dopants. In one embodiment, the reservoir may have liners.
The liners may prevent corrosion of the reservoir material, or
reduce the likelihood of contamination of the dopants by the
IeServoir.

The dopant source may be separate, or may be co-located
with one or more of the other materials being added during
processing. If added separately, the dopants may flow directly
into a crucible by exiting an end of the dopant inlet. As
mentioned, the dopant may be introduced by pre-mixing
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with, for example, the raw material, the carrier gas, the halide-
containing gas, or the mitrogen-containing gas. Metering of
the dopant may control the dopant concentration levels 1n the
polycrystalline composition. Similarly, the placement of the
dopant 1n the polycrystalline composition may be obtained
by, for example, pulsing, cycling, or timing the addition of the
dopant.

Suitable dopants may include dopant precursors. For
example, silicon may be introduced as SiCl,,. Where carbon 1s
a desired dopant, carbon may be introduced as a hydrocarbon,
such as methane, methylene chloride, or carbon tetrachlorde.
Suitable dopants may include a halide or a hydride. In situa-
tions where carbon 1s a desired dopant, or an inconsequential
contaminant, metals may be introduced as an organometallic
compound. For example, magnesium may be introduced as
Mg(C.H:),, zinc as Zn(CH,),, and iron as Fe(C.H.),. The
flow rate of dopant precursors may be greater than about 10
(standard) cubic centimeters per minute. In one embodiment,
the flow rate of the dopant precursors may be 1n a range of
from about 10 cubic centimeters per minute to about 100
cubic centimeters per minute, from about 100 cubic centime-
ters per minute to about 300 cubic centimeters per minute,
from about 500 cubic centimeters per minute to about 750
cubic centimeters per minute, from about 750 cubic centime-
ters per minute to about 1200 cubic centimeters per minute, or
greater than about 1200 cubic centimeters per minute. Alter-
natively, the dopant may be added in elemental form, for
example, as an alloy with the raw maternial. Other suitable
dopants may comprise one or more of S1, O, Ge, Be, Mg, 7Zn,
Sc, T1, V, Cr, Mn, Fe, Co, N1, Cu, Y, Zr, Mo, Sn, Ce, Pr, Nd,
Pm, Sm, Eu, Dy, Er, Tm, Yb, or Hi.

The outlet, and corresponding valve, may control the
release of material that 1s inside of the chamber. The released
material may be vented to atmosphere, or may be captured,
for example, to recycle the material. The released material
may be monitored for composition and/or temperature by an
appropriate sensor mounted to the outlet. The sensor may
signal information to the control system. Because contami-
nation may be reduced by controlling the flow of material
through the chamber 1n one direction, the polycrystalline
composition may be removed from the chamber by an exit
structure 1n the wall at the outlet side.

The outlet may be coupled to an evacuation system. The
evacuation system may be capable of forming a low base

pressure or a pressure differential 1n the chamber relative to
the atmospheric pressure. Suitable base pressure may be
lower than about 10~7 millibar. In one embodiment, the base
pressure may be in a range of from about 10" millibar to
about 107> millibar, or greater than about 10~ millibar. In one
embodiment, the pressure differential may be 1 a range of
from about 50 Torr to about 1 Torr, from about 1 Torr to about
107> Torr, from about 10~ Torr to about 10~ Torr, or less than
about 107> Torr. The evacuation may be used for pre-cleaning,
or may be used during processing.

The outlet may be heated to a temperature, which may be
maintained, that 1s greater than the temperature where the
vapor pressure ol an ammonium halide that might be formed
during processing 1s greater than the process pressure, for
example, one bar. By maintaiming a temperature above the
sublimation point of ammonium halide at the reactor pres-
sure, the ammonium halide might flow 1nto a trap or may be
precluded from forming or solidifying near the outlet once
formed.

The control system may include a controller, a processor in
communication with the controller, and a wired or wireless
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communication system that allows the controller to commu-
nicate with sensors, valves, sources, monitoring and evaluat-
ing equipments, and the like.

The sensors within the chamber may sense conditions
within the chamber, such as the temperature, pressure, and/or
gas concentration and composition, and may signal informa-
tion to the controller. Flow rate monitors may signal informa-
tion about the flow rate through the corresponding inlet or
outlet to the controller. The controller (via the processor) may
respond to the information received, and may control devices
in response to the information and pre-determined instruction
parameters. For example, the controller may signal the energy
source to provide thermal energy to the chamber. The con-
troller may signal one or more valves to open, close, or open
to a determined tflow level during the course of polycrystalline
composition synthesis. The controller may be programmed to
implement a method of growing polycrystalline composi-
tions according to embodiments of the invention.

The resultant polycrystalline composition may be a group
III metal nitride. The metal nitride may be doped to obtain one
or more ol an n-doped or a p-doped composition. The metal
nitride may be a metallic, semiconducting, semi-insulating or
insulating matenal. Further, each of these compositions may
be a magnetic or a luminescent material.

The working of the apparatus and the function of the vari-
ous components are described below with reference to 1llus-
trated embodiments. Referring to the drawings, the 1llustra-
tions describe embodiments of the invention and do not limit
the invention thereto.

An apparatus 100 in accordance with an embodiment 1s
shownin FI1G. 1. The apparatus 100 may be used for preparing,
a metal nitride maternial, and may include a housing 102
having a wall 104. The wall 104 may have an 1nner surface
106 that defines a chamber 108. An energy source 110 may be
located proximate to the wall 104. A first inlet 112 and a
second inlet 114 extend through the wall 104. The inlets 112,
114 define an aperture through which material can flow 1nto,
or out of, the chamber 108. An outlet 118 extends through the
wall 104 to the chamber 108. A crucible 120 may be disposed
in the chamber 108. A liner (not shown) may line the 1mnner

surface 106 of the wall 104.

The energy source 110 may be a thermal energy source,
such as a ceramic heater. The inlets 112, 114 and the outlet
118 may be electro-polished stainless steel suitable for semi-
conductor grade manufacturing. In a specific embodiment,
the crucible 120 may include boron nitride, and the nert liner
may include graphite.

During operation, a group III metal raw material and a
getter may be filled into the crucible 120, and the crucible may
be pre-loaded 1nto the chamber. One or more dopants may be
placed in the crucible with the raw material. After loading, the
crucible 120 may be sealed by a sealing mechanism (not
shown).

A nitrogen-containing gas may flow through the first ilet
112 into the chamber 108. The nitrogen-containing gas may
include ammoma, and may include a carrier gas for pre-
dilution. A halide-containing gas may flow through the sec-
ond inlet 114 and into the chamber 108. The halide-contain-
ing gas may include hydrogen chloride. The halide-
containing gas may be pre-diluted with a carnier gas.
Unreacted gases and/or other waste materials may be
removed from the chamber 108 through the outlet 118. The
chamber 108 may be purged by tlowing in gases through the
inlets 112, 114 and out through the outlet 118 prior to, crys-
talline composition formation. The outtlow, optionally, may
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be monitored to detect the impurity level of the out-flowing
gas, which may indicate when a suflicient purge has been
achieved.

The energy source 110 may be activated. Activating the
energy source 110 may increase the temperature within the
chamber 108 to pre-determined level and at a pre-determined
rate of temperature increase. An area, within the chamber 108
and proximate to the crucible 120, may define a hot zone or
reaction zone (not shown).

The raw matenal, already 1n the crucible 120, may respond
to contact with the nitrogen-containing gas in the presence of
the halide-containing gas, and at the determined temperature,
by reacting to form a mitride of the metal, that 1s, the poly-
crystalline composition.

Without wishing to be bound by theory, I believe that the
group III metal reacts with a hydrogen halide to form a vola-
tile group 111 metal halide. The group I1I metal halide in turn
reacts with the nitrogen-contaiming gas, for example, ammo-
nia, to form a polycrystalline group 111 metal nitride. Under
typical processing conditions, most of the group III metal
may react to form a polycrystalline group 111 metal nitride and
only a small fraction ofthe group Il metal may be transported
away from the crucible 1 the form of a group 111 metal halide.
Under typical reaction conditions, some, most, or all of the
getter may be dissolved 1n the liquid group Il metal. Many of
the getters disclosed above are broadly miscible 1n liquid
aluminum, gallium, or indium at temperatures above 500-
1000 degrees Celsius. Even the refractory metals Zr, HI, and
Ta are soluble at a level above about 1-2% 1n gallium at 1000
degrees Celsius. The dissolved metal may become well mixed
within the molten group 11l metal. The dissolved getter metal
may react with dissolved oxygen within the molten group 111
metal, forming an oxide of the getter metal. Like the group 111
metal, the getter metal may form halides and/or nitrides. At
temperatures of about 500 to 1000 degrees Celsius, the getter
metal halides are relatively volatile and the getter metal
nitrides, oxides, and oxynitrides are generally not volatile. In
the case of some getters, for example, the alkaline earth
metals and yttrium, the halides may be formed predominantly
and most of the getter metal transported away from the cru-
cible. During the reaction and transport process, however, the
getter metal efficiently ties up or removes oxygen from the
group III metal and from sources of oxygen 1n the gas phase,
including O, and H,O. In the case of other getters, for
example, Cr and Ta, the nitrides may be formed predomi-
nantly and most of the getter metal may remain 1n the crucible
in the form of mitride, oxynitride, and oxide inclusions within
the polycrystalline group III nitride. During the reaction and
transport process, the getter metal efficiently ties up or
removes oxygen from the group I1I metal and from sources of
oxygen 1n the gas phase.

In some embodiments, including those not involving the
addition of a hydrogen halide to the reaction, most or all of the
getter may become incorporated into the polycrystalline
group III nitride composition.

After the polycrystalline composition has been formed, the
housing 102 may be opened at the outlet side. Opening on the
outlet side may localize any introduced contaminants to the
chamber 108 caused by the opening to the chamber side
proximate to the outlet 118. Localizing the contaminants
proximate to the outlet 118 may reduce the distance the con-
taminants must travel to purge from the chamber 108, and
may confine the path of the contaminants to regions in which
the contaminants are less likely to contact any grown crystal,
or crystalline composition growing surface (such as an iner
surface of the crucible 120). In addition, not opeming the
housing on the inlet side may decrease the likelithood of a leak
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proximate to the inlet during a subsequent run. Thus, such a
configuration may reduce the chance of contaminants con-
taminating the produced crystals.

An apparatus 200 in accordance with an embodiment 1s
shown 1n FIG. 2. The apparatus 200 may include a housing
202, and an energy source 204 proximate to the housing 202.
The housing 202 may include an mnner wall 206 and an outer
wall 208. An inlet 209 may extend through the outer wall 208,
but may stop short of the inner wall 206. The outer wall 208
may have an outward facing surface. An inward facing sur-
face or mnner surface 212 of the iner wall 206 may define a
chamber 214.

The inner wall 206 may be nested within, and spaced from,
the outer wall 208. The space between the walls 206 and 208
may be used to circulate an environmental control fluid that
may enter the space through the 1nlet 209 configured for that
purpose. The outer wall 208 may be formed from metal, while
the inner wall 206 may be made of quartz. The energy source
204 may be proximate to the outer wall 208.

A first 1inlet 216, a second 1nlet 218, a raw material inlet
224, a dopant inlet 232, and an outlet 226 may extend through
the inner and outer walls 206 and 208. A plurality of valves
215,220, 223, 233 may be disposed, one per tube, within the
feed tubes that extend from sources to the corresponding
inlets 216, 218, 224, and 232. The individual feed tubes are
not identified with reference numbers. And, the outlet 226
may have a valve 227 that may allow or block the tflow of fluid
therethrough.

The first inlet 216 may communicate with a nitrogen-con-
taining gas source 217 and tlow a mitrogen-containing gas into
the chamber 214. The nitrogen-containing gas may include
ammonia. The nitrogen-containing gas may be diluted with a
carrier gas. The carrier gas may be argon, and may be con-
trollable separately from the nitrogen-containing gas flow.
The second inlet 218 may be in communication with a halide-
containing gas source 219. The second inlet 218 may allow a
halide-containing gas to flow from the halide-containing gas
source 219 into the chamber 214. The valve 220 may control
the flow of the halide-containing gas from the halide-contain-
ing gas source 219 through the second inlet 218 and into the
chamber 214. The halide-containing gas may include hydro-
gen chloride, which may have been diluted with the carrier
gas. The raw maternial inlet 224 may communicate with a raw
material reservoir 222. An exit end of the raw material 1nlet
224 may be positioned so as to flow raw material leaving the
inlet 224 1nto a crucible 230. The valve 223 may control the
flow of the raw material from the reservoir 222 through the
raw material mlet 224 and into the chamber 214. The raw
material may include molten gallium.

The dopant source (not shown) may communicate with the
chamber 214 through the dopant inlet 232. The valve 233 may
be switched on/oil to open or block a flow of dopant from the
dopant source into the chamber 214. In the 1illustrated
embodiment, the dopant includes silicon, whichmay beinthe
form of S1Cl.sub.4.

The outlet 226 may allow for excess material to exit the
chamber 214. The valve 227 may open or close, and by
closing, a back pressure might be built up as additional mate-
rials are tlowed into the chamber 214 and the temperature 1s
increased.

A plurality of crucibles 230 may be provided 1n the cham-
ber 214. The crucibles 230 may be arranged horizontally
relative to each other. Sensors 236 and 237 may be provided
to monitor the pressure and temperature, or other process
parameters within the chamber 214.

As disclosed hereinabove, the environmental control fluid
may flow 1n the space between the walls through the inlet 209.
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The 1nlet 209 may communicate with a circulation system
(not shown) to circulate the fluid 1n the space between the
walls. The inlet 209 may include a valve 211 to adjust or
optimize the circulation in the space between the walls.
Flanges 210 meant for vacuum systems may be used to form
a leak proof connection. The fluid circulation system may
have provision to heat or cool the fluid. The chamber 214,
along with 1ts contents, may be cooled or heated through this
arrangement.

A control system may include a controller 234 that may
communicate with the various components as indicated by
the commumication lines. Through the lines, the controller
234 may receive information, such as signals, from sensors
236, 237. The controller 234 may signal to one or more of the
valves 215, 220, 223, 227, 233, which may respond by open-
ing or closing. The valve 211 may communicate with the
controller 234, and through which the controller 234 may
control the flow of the environmental control fluid from the
circulation system. Thus, the controller 234 may monitor and
may control the overall reaction conditions.

Prior to operation, the chamber 214 may be evacuated. The
controller 234 may activate the valve 227 and a vacuum pump
(not shown) to evacuate the chamber 214. The chamber 214
may be tlushed with nert carrier gas. The energy source 204
may be activated to heat, and thereby volatilize, any volatile
contaminants. The successive evacuation and purging may
remove the contaminants from the chamber 214.

During operation, the controller may activate the valve 223
to start a flow of raw material from the reservoir 222 to the
crucibles 230 through the raw maternal inlet 224. The dopant
may be tlowed into the crucible through the dopant inlet 232
in response to the opening of the corresponding valve 233.
The controller may adjust the rates of flow of materials by
adjusting the degree to which the corresponding valves are
open or closed. The controller 234 may communicate with the
sensors 236, 237. The temperature and pressure within the
chamber may be raised to determined levels by the controller
234 activating the energy source 204, and/or adjusting the
outlet valve 227.

Once the desired temperature and pressure has been
attained, the nitrogen-containing gas may be introduced in the
chamber 214 through the first inlet 216. Alternatively, the
nitrogen-containing gas may be itroduced i the chamber in
the beginning of the heating cycle. The halide-containing gas
may be flowed 1n through the second inlet 218. The controller
may adjust the flow rate of these gases by controlling the
respective valves 215, 220.

The raw material including the dopants may react with the
nitrogen-containing gas in the presence of the halide-contain-
ing gas. The reaction may proceed until the raw material
reacts to form the metal nitride. In the 1llustrated embodi-
ment, a silicon doped gallium nitride may be formed.

FI1G. 3 1s a schematic view of an apparatus 400 detailing the
inlets 1n accordance with an embodiment. The apparatus 400
may include a housing 402 having a wall 404, the wall 404
may have an inner surface 406 and an outward facing surface
408, as 1llustrated 1n the figure. The wall 404 may be radially
spaced from an axis 409. An energy source 410 may be
provided proximate to the outer surface 408. The 1nner sur-
face 406 of the wall 404 may define a chamber 412.

The apparatus 400 may further include inlets 416 and 418.

The 1nlet 416, 1n one embodiment, may be a single walled
tube, and extends into the chamber 412 through the wall 404.

Theinlet 416 may be nested within, and spaced from the inner
surtace 406 of the wall 404. An exit end of the inlet 416 may
define an aperture 422. A baille 424 may adjoin the aperture
422. The spacing between the inlet 416 and the inner surface
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406 of the wall 404 may define the inlet 418. Further, an
aperture or opening 426 may be provided in the inlet 418. A
crucible 430 may be disposed within the chamber 412.

A halide-containing gas may be introduced into the cham-
ber 412 from a source (not shown) through the mlet 416, and
a nitrogen-containing gas may be mtroduced into the cham-
ber 412 from a source (not shown) through the inlet 418. The
inlets 416 and 418 may be configured such that the batile 424
provided in the inlet 416 may assist 1n proper mixing of the
gases flowing in to the chamber 412 through the inlets.

The apparatus 400 may further include components not
shown 1n the figure such as, a control system including a
controller which may control the overall reaction, valves for
adjusting and/or controlling the flow of matenials to and/or
from the chamber, inlets for introducing raw materials and/or
dopants into the chamber, sources from where raw matenals
and/or dopants may be tlowed into the chamber, sensors for
monitoring the temperature, pressure and composition within
the chamber, and the like. The working of the apparatus may
be explained with reference to above described embodiments.

FIG. 4 1s a flow chart depicting a method for preparing a
polycrystalline group 111 metal mitride 1n accordance with an
embodiment of the invention. The method starts by providing
a group III metal and a getter 1n a crucible. The crucible
containing the group III metal and the getter are then loaded
into a chamber or reactor and the chamber i1s sealed. The
chamber 1s then evacuated, purged, and otherwise decontami-
nated to remove trace impurities. The chamber may be evacu-
ated, purged, and otherwise decontaminated prior to loading
the group 11l metal and the getter inside. The environment in
the chamber 1s adjusted to determined levels. The temperature
of the chamber may be maintained between about 800 degree
Celsius to about 1300 degree Celsius, and the pressure within
the chamber may be greater than about ambient.

Dopants may be introduced in the chamber. The dopant
may be introduced as a dopant precursor. The dopant precur-
sor may be tlowed into the chamber from a dopant source.

The temperature within the chamber may be raised to
between about 800 degrees Celsius to about 1300 degrees
Celsius, and the pressure may be raised to at least one dimen-
s1on greater than about 1 meter, for a period greater than about
30 minutes. Next, a nitrogen-containing gas such as ammonia
may be introduced 1n the chamber. The gas may be flowed
from a nmitrogen-containing gas source through an inlet into
the chamber. The flow rate of the mitrogen-containing gas may
be greater than about 250 (standard) cubic centimeters per
minute.

A halide-containing gas may be introduced into the cham-
ber. Optionally, the order of the preceding steps may be inter-
changed. The flow rate of the halide-containing gas may be
greater than about 25 cubic centimeters per minute. The ratio
of the flow rate of the mitrogen-containing gas to the tlow rate
of the halide-containing gas may be about 10:1.

The group 11l metal may react with the nitrogen-containing,
gas 1n the presence of the halide to form a polycrystalline
group III metal nitride. The halide affects the reaction
between the metal and the nitrogen-containing gas 1n a deter-
mined manner. The getter reacts with oxygen to form a getter
metal oxide, oxynitride, or oxyhalide, and additionally with
the nitrogen-containing gas to form getter metal mitride and
with the hydrogen halide to form getter metal halide.

The reaction may proceed through a vapor transport and/or
a wicking effect. The metal nitride crust may form on top of
the molten metal within the crucible. The crust may be
slightly porous. The metal may be vapor transported or, 1f
liquid, wicked to the top of the crust through the pores and
react with the nitrogen-containing gas. The reaction may
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deposit additional metal nmitride and add to the crust. The
reaction proceeds until virtually all the metal has undergone
reaction. Additional metal may be flowed into the chamber
from the reservorr.

The chamber may be cooled, See FIG. 5, as an example.
The excess nitrogen-containing gas and hydrogen halide
flows out from the reaction zone and ammonium halide may
condense on cooler regions of the chamber. In one embodi-
ment, the outlet may be kept hot so as to facilitate downstream
trapping ol ammonium halide; or alternatively a cold wall
section may be incorporated to facilitate condensation of the
ammonium halide. The chamber may be opened on the outlet
side to minimize leakage through the inlet side. The polycrys-
talline group III metal nitride may be removed through the
outlet side.

Optionally, the polycrystalline group III metal nitride
formed may be further processed. In one embodiment, at least
one surface of the polycrystalline group I1I metal nitride may
be subjected to one or more of scraping, scouring or scarify-
ing. The surface may be further subjected to oxidation in air or
in dry oxygen and 1t may further be boiled in perchloric acid.
The residual contamination resulting from the post-process-
ing step may be removed by washing, sonicating, or both.
Washing and sonicating may be performed 1n, for example,
organic solvents, acids, bases, oxidizers (such as hydrogen
peroxide), and the like. The polycrystalline group III metal
nitride may be annealed in an 1nert, nitriding, or reducing,
atmosphere. The annealing may also be performed in pure
ammonia at a temperature ol about 800 degree Celsius to
about 1200 degree Celsius for a period of time 1n a range of
from about 30 minutes to about 200 hours.

Other processing may be performed for use as a source
material for crystalline composition growth. For use as a
source material, the polycrystalline group III metal mitride
may be pulverized into particulate. The particles may have an
average diameter 1n a range of from about 0.3 millimeters to
about 10 millimeters. The pulverizing may be carried out
through, for example, compressive fracture, jaw crushing,
wire sawing, ball milling, jet milling, laser cutting, or cryo-
fracturing. Post pulverization cleaning operations may
remove adventitious metal introduced by the pulverization
operation, un-reacted metal, and undesirable metal oxide.

In some embodiments, the polycrystalline group 111 metal
nitride 1s used as a source material for ammonothermal
growth of at least one group III metal mitride single crystal.
The polycrystalline group III metal nitride 1s placed 1n an
autoclave or a capsule, as described 1n U.S. Pat. Nos. 6,636,
615,7,125,453, and 7,078,731 and 1n U.S. patent application
Ser. No. 12/133,365, each of which 1s incorporated by refer-
ence 1n their entirety. Ammonia and a mineralizer, for
example, at least one of an alkali metal, amide, nitride, or
azide, an alkaline earth metal, amide, nitride, or azide, ammo-
nium fluoride, ammonium chloride, a group III metal fluo-
ride, a group III metal chloride, or a reaction product between
a group III metal, ammonia, HF, and HCI are also placed 1n
the autoclave or capsule.

In some embodiments a getter 1s also placed 1n the auto-
clave or capsule. The added getter may be provided 1n addi-
tion to a getter composition that may be present in the poly-
crystalline group III mitride. The added getter may comprise
at least one of alkaline earth metals, Sc, T1,V, Cr. Y, Zr, Nb, Hf,
Ta, W, rare earth metals, and their nitrides, halides, oxyni-
trides, oxyhalides, amides, imides, and azides. In one specific
embodiment, at least a portion of the getter 1s added 1n the
form of a metal and at least a portion of the mineralizer 1s
added as an azide 1n such a ratio that the hydrogen generated
by reaction of the getter metal with ammonia and the nitrogen
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generated by decomposition of the azide are present 1n a ratio
of approximately 3:1, as described 1n U.S. Patent Application
No. 61/086,799, which 1s hereby incorporated by reference in
its entirety. The added getter may be useful for removing
unintentional i1mpurnties, for example, oxygen, that are
present 1n the mineralizer or other raw material. In one set of
embodiments, the mineralizer comprises an alkali metal and
the getter comprises a nitride, 1mide, or amide of Be, Mg, Ca,
Sr, Ba, Sc. Y, a rare earth metal, 11, Zr, Hf, V, Nb, Ta, Cr, Mo,
or W. In another set of embodiments, the mineralizer com-
prises Cl and the getter comprises a nitride, chloride, oxyni-
tride, or oxychloride of Sc, Cr, Zr, Nb, Hi, Ta, or W. In still
another set of embodiments, the mineralizer comprises F and
the getter comprises a nitride, fluoride, oxynitride, or oxy-
fluoride of Cr, Zr, Nb, Hf, Ta, or W.

After all the raw materials have been added to the autoclave
or capsule, the autoclave or capsule 1s sealed.

The capsule, 1 employed, 1s then placed within a suitable
high pressure apparatus. In one embodiment, the high pres-
sure apparatus comprises an autoclave, as described by U.S.
Pat. No. 7,335,262, which 1s hereby incorporated by refer-
ence 1n 1ts entirety. In another embodiment, the high pressure
apparatus 1s an internally heated high pressure apparatus, as

described in U.S. Pat. No. 7,125,453, and in U.S. Patent
Applications 2006/0177362A1 and U.S. Ser. No. 12/133,
364, which are hereby incorporated by reference in their
entirety. The polycrystalline group III metal nitride 1s then
processed 1n supercritical ammonia at a temperature greater
than about 400 degrees Celsius and a pressure greater than
about 0.2 gigaPascal (GPa), during which at least a portion of
the polycrystalline group I1I metal nitride 1s etched away and
recrystallized onto at least one group III nitride crystal with a
wurtzite structure. In some embodiments, the polycrystalline
group 111 metal nitride 1s processed in supercritical ammonia
at a temperature greater than about 3500 degrees Celsius,
greater than about 550 degrees Celsius, greater than about
600 degrees Celsius, greater than about 650 degrees Celsius,
greater than about 700 degrees Celsius, or greater than about
750 degrees Celsius. In some embodiments, the polycrystal-
line group III metal nitride 1s processed in supercritical
ammonia at a pressure greater than about 0.3 GPa, greater
than about 0.4 GPa, greater than about 0.5 GPa, greater than
about 0.6 GPa, greater than about 0.7 GPa, or greater than
about 0.8 GPa.

Residual getter 1in the polycrystalline group III metal
nitride 1s released into solution gradually, as the polycrystal-
line group III metal nitride 1s etched. Once in solution, the
getter may react to form a getter metal nitride, amide, or
halide. The getter may also be chemically bound to oxygen.
The getter may remove residual oxygen 1n the supercritical
ammonia solution, enabling growth of group 111 nitride single
crystals with improved purity.

In some embodiments, the added getter 1s annealed and/or
coarsened prior to substantial ammonothermal growth of a
group III metal nitride. In some embodiments, the getter may
be added as a fine powder or may form a fine powder during
heating 1n ammonia with a mineralizer present, which may
undergo undesirable convection throughout the crystal
growth environment and/or become incorporated 1nto a crys-
talline group III metal nitride as an inclusion. The getter may
be consolidated by holding at a temperature lower than that at
which significant group III metal mitride crystal growth
occurs, for example, between about 200 degrees Celsius and
about 500 degrees Celsius, for a period of time between about
10 minutes and about 48 hours.

The ammonothermally-grown crystalline group I1I metal
nitride may be characterized by a wurtzite structure substan-
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tially free from any cubic entities and have an optical absorp-
tion coefficient of about 2 cm™' and less at wavelengths
between about 385 nanometers and about 750 nanometers.
An ammonothermally-grown gallium nitride crystal may
comprise a crystalline substrate member having a length
greater than about 5 millimeters, have a wurtzite structure and
be substantially free of other crystal structures, the other
structures being less than about 0.1% 1n volume 1n reference
to the substantially wurtzite structure, an impurity concentra-
tion greater than 10'* cm™", greater than 10> cm ™", or greater
than 10'° cm™" of at least one of Li, Na, K, Rb, Cs, Mg, Ca, I,
and Cl, and an optical absorption coefficient of about 2 cm™
and less at wavelengths between about 385 nanometers and
about 750 nanometers. The ammonothermally-grown gal-
llum nitride crystal may be semi-insulating, with a resistivity
greater than 10" Q-cm. The ammonothermally-grown gal-
lium nitride crystal may be an n-type semiconductor, with a
carrier concentration n between about 10'° cm™ and 10°°

cm™ and a carrier mobility 1, in units of centimeters squared
per volt-second, such that the logarithm to the base 10 of ) 1s
greater than about -0.018557 n’+1.0671 n>-20.599
n+135.49. The ammonothermally-grown gallium nitride
crystal may be a p-type semiconductor, with a carrier concen-
tration n between about 10'° cm™ and 10°° cm™ and a carrier
mobility 1, 1n units of centimeters squared per volt-second,
such that the logarithm to the base 10 of 1 1s greater than about
—-0.6546 n+12.809.

By growing for a suitable period of time, the ammonother-
mally-grown crystalline group III metal nitride may have a
thickness of greater than about 1 millimeter and a length, or
diameter, greater than about 20 millimeters. In a preferred
embodiment, the length 1s greater than about 50 millimeters
or greater than about 100 millimeters. The crystalline group
I1I nitride may be characterized by crystallographic radius of
curvature of greater than 100 meters, greater than 1000 meter,
or be greater than can be readily measured (infinite). After
growth, the ammonothermally-grown crystalline group III
metal nitride may be sliced, polished, and chemical-mechani-
cally polished according to methods that are known 1n the art
to form one or more walers or crystalline substrate members.
In a preferred embodiment, the root-mean-square surface
roughness of the at least one wafer or crystalline substrate
member 1s less than about one nanometer, for example, as
measured by atomic force microscopy over an area of at least
about 10 micrometers by 10 micrometers.

In another embodiment, the polycrystalline group 111 metal
nitride 1s used as a source material for flux growth of at least
one group III metal nitride single crystal, as described in U.S.
Pat. No. 7,063,741 and 1in U.S. Patent Application 2006/
0037529, each of which are hereby incorporated by reference
in their entirety. The polycrystalline group III metal nitride
and at least one flux are placed 1n a crucible and inserted into
a furnace. The furnace 1s heated and the polycrystalline group
I1I metal nitride 1s processed 1n a molten flux at a temperature
greater than about 400 degrees Celsius and a pressure greater
than about one atmosphere, during which at least a portion of
the polycrystalline group 111 metal nitride 1s etched away and
recrystallized onto at least one group III nitride crystal.
Residual getter in the polycrystalline group 111 metal mitride 1s
released mto solution gradually, as the polycrystalline group
I1I metal nitride 1s etched. Once 1n solution, the getter may
react to form a getter metal nitride, amide, or halide. The
getter may also be chemically bound to oxygen. The getter
may remove residual oxygen in the molten flux, enabling
growth of group III nitride single crystals with improved
purity.
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While the above 1s a full description of the specific embodi-
ments, various modifications, alternative constructions and
equivalents may be used. Therefore, the above description
and 1llustrations should not be taken as limiting the scope of
the present mvention which 1s defined by the appended
claims.

What 1s claimed 1s:

1. A polycrystalline gallium-containing group III metal
nitride material, comprising;:

a plurality of grains of a crystalline gallium-containing

group 111 metal mitride;
the plurality of grains having an average grain size in a
range of from about 10 nanometers to about 1 mailli-
meter and defining a plurality of grain boundaries;
and
the crystalline galllum-containing group III metal
nitride having:
an atomic fraction of a gallium-containing group III
metal 1n a range of from about 0.49 to about 0.55,
the metal being selected from at least one of alumi-
num, indium, and gallium; and
an oxygen content 1n the form of a gallium-containing,
group III metal oxide or a substitutional impurity
within the crystalline galllum-containing group 111
metal nitride less than about 10 parts per million
(ppm); and
a plurality of inclusions within at least one of the plurality
of grain boundaries and the plurality of grains, the plu-
rality of inclusions comprising a getter, the getter con-
stituting a distinct phase from the crystalline gallium-
containing group III metal nitnde and being
incorporated into the polycrystalline gallium-containing
group III metal nitride matenal at a level greater than
about 200 parts per million.

2. The material as defined in claim 1, wherein the crystal-
line gallium-containing group III metal nitride has a porosity
in volume fraction in a range of from about 0.1 percent to
about 30 percent by volume; and an apparent density 1n a
range of from about 70 percent to about 99.8 percent of a
theoretical density value.

3. The matenial as defined 1n claim 1, wherein the getter
comprises a metal.

4. The material as defined 1n claim 1, wherein the getter
comprises at least one of alkaline earth metals, scandium,
titanium, vanadium, chromium, yttrium, zirconium, niobium,
the rare earth metals, hainium, tantalum, tungsten, a nitride of
any of the foregoing, and a halide of any of the foregoing.

5. The matenal as defined in claim 1, wherein the getter 1s
present at a level greater than about 0.1% by weight.

6. The matenial as defined in claim 1, wherein the oxygen
content present as a gallium-containing group I1I metal oxide
or as a substitutional impurity within the crystalline gallium-
containing group I1I metal nitride 1s less than about 3 parts per
million (ppm).

7. The matenal as defined 1n claim 1, wherein the oxygen
content present as a gallium-containing group I1I metal oxide
or as a substitutional impurity within the crystalline gallium-
containing group 11l metal 1s less than about 1 part per million
(ppm).

8. The material as defined 1n claim 1, wherein the plurality
of grains 1s characterized by a density from about 100 per
cubic centimeter to about 10,000 per cubic centimeter.

9. The material as defined 1n claim 1, wherein the polycrys-
talline gallium-containing group 111 metal nitride material has
a porosity from about 0.1 percent to about 10 percent by
volume.
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10. The maternial as defined in claim 1, wherein the poly-
crystalline galllum-containing group III metal nitride mate-
rial has a porosity from about 10 percent to about 30 percent
by volume.

11. The material as defined 1n claim 1, wherein each of the
plurality of grains 1s characterized by an average grain diam-

cter 1n a range of from about 1 millimeter to about 10
micrometers.

12. The material as defined in claim 1, wherein the plurality
of grains 1s characterized by an average grain diameter greater
than about 1.0 micrometer.

13. The matenial as defined in claim 1, wherein the poly-
crystalline gallium-containing group III metal nitride mate-
rial 1s characterized by an apparent density 1n a range of from
about 85 percent to about 95 percent of a theoretical value.

14. The material as defined in claim 1, wherein the atomic
fraction of the gallium-containing group I1I metal in the crys-

talline gallium-containing group 111 metal nitride 1s 1n a range
of from about 0.50 to about 0.51.
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15. The matenal as defined in claim 1, wherein the crys-
talline gallium-containing group III metal nitride comprises
one or more dopants to provide one or more of an n-type
material, a p-type material, or a semi-insulating material.

16. The material as defined 1n claim 15, wherein the one or
more of an n-type maternial, a p-type material, or a semi-
insulating material 1s characterized by a dopant concentration
in a range of from about 10°' atoms per cubic centimeters to
about 10'° atoms per cubic centimeters.

17. The material as defined 1n claim 1, wherein the poly-
crystalline galllum-containing group III metal nitride mate-
rial has an inter-grain bend strength greater than about 20
MegaPascal.

18. The material as defined 1in claim 1, wherein the plurality
ol 1nclusions comprise a material selected from a metal, a
metal nitride, a metal halide, a metal oxynitride, a metal
oxyhalide, a metal oxide, and a combination of any of the
foregoing.
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